I. INTRODUCTION
The ever increasing energy demand, along with the necessity of cost reduction and higher reliability requirements, are driv ing the modern power systems towards distributed generation (DG) as an alternative to the expansion of the current electrici ty distribution networks [1] [2] .
Microgrids (MG) are systems with clusters of DGs and loads. To deliver high quality and reliable power, the MG should appear as a single controllable unit that responds to changes in the system [3] . In MGs, parallel DGs are controlled to deliver the desired active and reactive power to the system while local signals are used as feedback to control the convert ers. The power sharing among the DGs can be achieved by controlling two independent quantities, frequency and funda mental voltage magnitude, at the converter output [4] [5] [6] [7] .
General introduction on MG basics, including the architec ture, protection and power management is given in [8] [9] . A review of ongoing research projects on MG in US, Canada, Europe and Japan is presented in [9] [10] . Different power man agement strategies and controlling algorithms for a MG is pro posed in [11] [12] [13] [14] . Reference [15] has evaluated the feasibility of MGs operation during islanding and synchronisation peri ods.
One of the main issues still to be investigated in MGs is the effect of single-phase, unbalanced and harmonic loads on the control, operation and power sharing among parallel converter interfaced DERs. In the presence of balanced and linear loads, the converters can be operated in voltage control mode [16] [17] [18] [19] or current control mode [20] [21] [22] [23] . Majority of the researches for DER converter control in MGs utilise current control mode [20] [21] [22] [23] . For this, the output current reference for each con verter should be calculated properly based on the load demand and the desired power sharing ratio among existing DERs. Lat er, using a proper switching mechanism in the converter, it can supply the MG by the desired reference current. This can be relatively complex when the MG is supplying single-phase, unbalanced or harmonic loads. In this case, the DERs not only should share the active and reactive power but also should share harmonic, negative and zero sequence currents. This needs a fast and accurate negative and zero sequence and har monic current extraction mechanism as discussed in [24] [25] . If the extracted sequence and harmonic currents mismatch the actual load requirement, the operation and power sharing of DERs can be significantly affected. However, by using a volt age control mode, there will be no necessity to measure and analyse the load current and to extract the sequence and har monic current components.
In this paper, the operation, control and power sharing among parallel converter-interfaced micro sources, operating in voltage control mode, are investigated for grid-connected and autonomous modes. Through the extensive simulation re sults carried out by PSCAD/EMTDC, it is demonstrated that the DERs can successfully supply the MG loads with the de sired power sharing ratios in the presence of single-phase, un balanced and harmonic loads.
II. MICROGRTD STRUCTURE AND CONTROL
Let us consider the MG system as shown in Fig. I . The con sidered MG system consists of three converter-interfaced DERs. DERs such as photovoltaic cells (PV), fuel cells and batteries are usually connected to the MG through voltage source converters (VSC) and a properly tuned second order filter to the MG. The DERs are then controlled to supply the loads within the MG. It is to be noted that the considered DERs in this paper are working in voltage control mode and their output power, required by power sharing, are within their rated capabilities. Distribution Static Compensator (DSTATCOM) is installed at the secondary side of the distribution transformer to regulate the voltage at its Point of Common Coupling (PCC). The microgrid is maintained and operated using two control loops. The outer control loop satisfies proper power sharing among the DERs while the inner control loop is responsible of proper switching of DER converters in order to generate the desired voltage at their output. The DER and DSTATCOM converter structure in addition to outer and inner control mech anisms are discussed in detail below.
DER Con v erter Structure
Let us assume that the DERs are connected to the MG through voltage source converters (VSC). The vse structure consists of three single-phase H-bridges, using IGBTs, as shown in Fig. 2(a) . Each IGBT has proper parallel reverse di ode and snubber circuits. The outputs of each H-bridge are connected to a single-phase transformer, with I : a ratio, and three transformers are star-connected. In this figure, the re sistance Rf represents the switching and transformer losses, while the inductance L t represents the leakage reactance of the transformers and the filter capacitor C t is connected to the out put of the transformers to bypass the switching harmonics.
Outer Control Loop
For a converter-interfaced DER, with the structure shown in Fig. 2(a) , the instantaneous active and reactive power flows from converter output to its pee are [16] ----:C��;c� -j I zr �� I�� I where VT = IVT I L6T and V,r= l Vet I LOcr are respectively the RMS value of pee voltage and Ae filter capacitor voltage of DER. LT is the coupling inductance between pee and inverter output which controls DER output power flow and OJ is the angular frequency of the system. The switching frequency components in the instantaneous active power (P) and reactive power (q) can be filtered out to yield the average active power (P) and reactive power ( Q ) by passing them through a low pass filter. In [17] , it was proposed that decentralized power sharing among the DERs in an autonomous MG can be achieved, simi lar to conventional droop control, by changing the voltage magnitude and angle of DERs as
where �'ated and �'ated are respectively the rated voltage magni tude and angle of the DER when supplying the load with rated active and reactive power of Pr ated and Q r ated while m and n are the droop coefficients. The principle of decentralized power sharing in the MG is based on keeping the power output of DERs proportional to their ratings while the sum of the generated power from DERs is equal to the total required demand in the MG. This was mathematically simplified in [18] as
where i and} show the number of each DER.
Inner Control Loop
In this paper, the main concept of DER converter control is based on fixing the voltage magnitude and angle across C t as defined by the droop control from (2)- (3). This is achieved by appropriate switching of IGBTs in the converter. For this, let us consider the single-phase equivalent circuit of vse as shown in Fig. 2(b) . In this figure, u·a· Vde represents the con verter output voltage, where u is the switching function that can take on ±1 value depending on which pair of the IGBTs is turned on. The vse is utilizing a closed-loop optimal robust controller based on state feedback to generate u. For this, two different state vectors can be assumed.
First, let us assume the state vector be defined as (4) where Ve t represent the instantaneous voltage and 7) is the high frequencies of it' Now, the reference vector, xrel is to be calcu lated for each state variable, for each DER as
For DER control in this paper, v cf,rel is calculated from (1) when the MG is in grid-connected mode and from (2) when in autonomous mode. From the circuit of Fig. 2(b) , system state space description can be given as (6) where Ue is the continuous time version of switching function u and VT is assumed as load disturbance induced to the converter and neglected here. Discrete-time equivalent of (6) is (7) In (7), uc(k) is computed using a suitable state feedback control law. For this, switching control laws are given by
where K is a gain matrix. The gain matrix is obtained from Linear Quadratic Regulator (LQR) method which ensures the desired results for the system while the variations of system load and source parameters are within acceptable limits of real ity. From uc(k), the switching function is then generated based on the error level as
If
Uc > +h then
where h shows the error level and has a very small positive value. More detail on converter control is given in [26] .
Voltage Control in Autonomous Mode
Based on the DER converter control described above, there is no direct voltage control in the MG in autonomous mode. This can be achieved if one of the DERs in MG regulates the network voltage. However, the DERs in residential networks can be owned by customers and are not responsible for net work voltage support. Utilizing the converter of a DER to gen erate reactive power to support the network voltage profile will reduce the active power generation capacity of the converter. This will not be desired by their owners.
Alternatively, voltage regulation in a MG can be achieved using a DSTATCOM. This was presented and discussed in [27] and is not described here.
III. STUDY CASES AND SIMULATION RESULTS
For investigating the performance of the MG with several converter-interfaced DERs, different simulation cases are con sidered. The simulation cases are built to demonstrate the effi cacy of the proposed voltage control mode for all DERs in proper power sharing among them in the network. The MG performance and power sharing among DERs are studied for different types of loads in the network such as balanced, unbal anced and harmonic. The DER, converter, filter, network and load parameters are given in the Appendix B.
MG with balanced loads
Let us consider the simple structure of Fig. I to investigate the MG operation during grid-connected and autonomous modes. In grid-connected mode, each DER will generate its rated power and the extra load demand will be supplied by the grid or the extra generation will flow back into the grid. In au tonomous mode, total power demand is shared among the DERs proportional to their rating. At t = 0.5 s, CBG opens and the grid is disconnected hence MG will work in autonomous mode. Therefore, the DERs have to increase their output power to satisfy the load demand with in the MG. At t = l.5 s one of the existing loads in the network is increased by 3 kW. It can be seen that in both cases all DERs are sharing the load change proportional to their ratings. Fig. 3(a) shows the active power dispatch of grid and 3 ex isting DERs in the MG between 0 and 2.5 seconds in the above-mentioned network. The single-phase active power output of one of the DERs (e.g. DER-l) is shown in Fig. 3(b) . This is the same for all phases of A, B and C. From this figure, it can be seen that the network loads are three-phase balanced. The active power output in phase-A of all three DERs are also shown in Fig. 3( c) . From this figure, it can be seen that all DERs are sharing the loads according to their ratios and they have an equal amount of power generated in each phase.
The voltage profile of the network is also shown in Fig. 3(d) . As it can be seen in this figure, the network voltage is success fully regulated to 1 pu at all times.
The three-phase instantaneous current output of a sample DER (e.g. DER-l), shown in Fig. 3(e) , confirms the DERs are generating balanced currents in their output.
MG with unbalanced loads
In this case, let us assume in the system of Fig. 1 , at t = 0 S CBG, CBM1 and CBsl are closed and the system is in steady state condition. At t = 0.5 S, CBG is opened to disconnect the grid hence MG will work in autonomous mode. It is to be not ed that distribution transformer is still connected to the LV side. Three-phase instantaneous current output of a DER-l.
At t = l.5 s a new single-phase 2 kW load is connected to phase-A. Later, at t = 2.5 s another single-phase 2 kW load is connected to phase-C. Fig. 4(a) shows the active power dispatch of grid and 3 ex isting DERs in the MG between 0 and 3.5 seconds in the above-mentioned network. From this figure, it can be seen that, the total amount of active power generation among DERs are kept based on the desired power sharing ratio among them. The active power output of one of the DERs (e.g. DER-1) is shown in Fig. 4(b) for each phase individually. From this fig ure, it can be seen that for t < l.5 s, all three phases of DER-l have an equivalent amount of generated active power. Howev er, at t = 1.5 s when a single-phase load is connected to phase A, the active power output of all phases of the DER increases. This increase is slightly higher for phase-A. This slight differ ence is further discussed in Appendix A. [n a similar way, at t = 2.5 s when another single-phase load is connected to phase C, the output active power of all phases of the DER increases but this increase is more for phase-C. Similar results are moni tored in all the DERs of the MG. From this figure it can be seen that single phase load power demand is shared among the three phases of the DERs. Fig. 4( c) shows the active power output of all DERs in their phase-A for the studied case. From this figure, it can be seen that for a load change in the network, the contribution level of each phase of the DERs in power generation is also based on the desired sharing ratio among them.
[t is to be noted that, all phases of the DERs contribute to a single-phase (or unbalanced) load change in the network since there is a possibility of power circulation from one phase of MG to the other two phases through the windings of the distri- :.Z".
-7 --DER3 bution transformer. Fig. 4( d) shows the active power supplied by the distribution transformer in the studied case. From this figure, it can be seen that the distribution transformer output power was zero when the MG was working in autonomous mode with balanced loads (i.e 0.5 < t < 1.5 s). However, it can be seen that for [.5 < t < 2.5 s there is a negative active power flow into the distribution transformer in phase-B and C which is circulated and retuned to phase-A where the single phase load is connected to. In a similar case, for 2.5 < t < 3.5 s there is a negative active power flow into the distribution transform er in phase-B which is circulated and retuned to phase-A and C where the single phase loads are connected to.
The three-phase instantaneous current output of a sample DER (e.g. DER-1) is shown in Fig. 4 ( e) which shows the DERs are generating unbalanced current in their output.
MG with unbalanced loads and isolated transformer
Now, let us consider the network of case 4.2 where the dis tribution transformer is isolated from the LV side when the grid is disconnected. Therefore, let us assume that at t = 0.5 s, CBG and CBM1 open and MG works in autonomous mode.
As the distribution transformer is isolated from the LV side no power circulation can happen among the three phases in th� autonomous mode. Therefore, it is expected that by applying a single-phase (unbalanced) load change in the network, the DERs will contribute only in the phase in which the single phase load is applied.
The active power output of one of the DERs (e.g. DER-l) is shown in Fig. 5(a) for each phase individually. From this fig ure, it can be seen that for t < l.5 s, all three phases of DER-l have an equivalent amount of generated active power. Howev er, at t = 1.5 s when a single-phase load is connected to phase A, only the active power output of phase-A increases. [n a sim ilar way, at t = 2.5 s when another single-phase load is con nected to phase-C, only the output active power of phase-C increases. Similar results are monitored in all the DERs of the MG. From this figure, it can be seen that single phase load power demand is only supplied by the relevant single-phase of the DERs. Fig. 5(b) shows the active power output of all DERs in their phase-A for the studied case. From this figure, it can be seen that for a load change in the network, the contribution level of each phase of the DERs in power generation is based on the desired sharing ratio among them. Fig. 5(c) shows the active power supplied by the distribution transformer in the studied case. As the transformer is isolated at t = 0.5 s, then its output power is zero.
The three-phase instantaneous current output of a sample DER (e.g. DER-I) is shown in Fig. 5(d) which shows the DERs are generating unbalanced current in their output.
MG with harmonic loads
In this section, let us consider the MG of Fig. I . Let us as sume that the system is in steady state condition at t = 0 s and at t = 0.5 s, the grid is disconnected (i.e. CBG is opened) and MG will work in autonomous mode.
At t = l.5 s a new three-phase harmonic load of 3 kW is connected to the network. At t = 2.5 s, its demand is increased to 6 kW. The harmonic load has a Total Harmonic Distortion (THD) of 25.5% with the Fast Fourier Transform (FFT) Spec trum as shown in Fig. 6(a) . Fig. 6(b) shows the active power dispatch of grid and 3 ex isting DERs in the MG between 0 and 3.5 seconds in the above-mentioned network. The single-phase active power output of one of the DERs (e.g. DER-I) is shown in Fig. 6(c) . This is the same for all phases of A, B and C. The active power output in phase-A of all three DERs are also shown in Fig.  6( d) . From these figures, it can be seen that as the load is sup plied from the three-phase network, its demand is shared equally among the three phases of each DER. However, the DERs share the extra demand based on their desired power sharing ratio.
The three-phase instantaneous current output of a sample DER (e.g. DER-l) is shown in Fig. 6 (e) which shows the out put current of the DERs are distorted as required by the net work harmonic load.
IV. CONCLUSION
The power management and control of converter-interfaced DERs were discussed in this paper, for autonomous operation of a MG with balanced, unbalanced and harmonic loads. In many MG related researches, the converter-interfaced micro sources are current controlled. In such a case, if the MG sup plies unbalanced loads, detailed calculations are required to extract the required positive, negative and zero sequences of the reference current components for the DERs. Similarly, if the MG supplies nonlinear and harmonic loads, detailed calcu lations are required to extract the required different harmonic components for the current reference for the DERs. These cal culations are later utilized for proper total power sharing, un balanced power sharing and harmonic power sharing among DERs in the MG. However, if the converters are voltage con trolled, there is no necessity for these complicated current ref erence extractions and calculations. In this paper, through sev eral case studies, it was verified that proper total power shar ing, harmonic power sharing and unbalance power sharing among DERs can be achieved through voltage controlled con verters in the MG without any complicated current reference extractions for DERs. APPENDlX A
Power Circulation through Transformer
Let us consider the simple network illustrated in Fig. 7 . A three-phase converter-interfaced DER in voltage control mode is connected to Bus-3 to supply a single-phase load in Bus-2 connected to phase-A. A three-phase DST A TCOM is installed in Bus-I to regulate its PCC to a three-phase balanced voltage of I pu. Only the downstream of MY-Grounded transformer is connected while its upstream side is open-circuited. The MY Grounded transformer can circulate the reverse fed current and power into one of its Y -grounded windings into its two other Y -Grounded windings due to its primary delta configuration.
First, let us assume that CB-l is open and the DSTATCOM is not connected. In this case, the single-phase load will be supplied by iaJ and ia2 as
.. V g h -VJoad V g e -V/oad la2 = I g h + I g e = + Z +zu'_eq +(1-a)Z Z +zlr _eq +(\-a)Z (10) where i a ] is the phase-A current supplied from the generator side, ia2 is the phase-A current supplied from the transformer side, V g a , V g b and V g c are the three-phase output voltage of the DER, i g a , i g h and i g e are the three-phase current output of the DER, V /oad is the voltage at load PCC, Z is the feeder imped ance between the buses, 0 < a < I and Z, r. eq is the equivalent impedance between two terminals of the transformer. From  Fig. (7) , we have Therefore, it is expected that iaJ > ia2• Hence, From (10) , it can be seen that the amount of current (or power)
supplied from DER in its phase-B and C are highly dependent on the equivalent impedance of the transformer and the line. Now, let us assume that CB-I is closed and the DSTAT COM is regulating its PCC to 1 pu balanced voltage. In this case, ial will be same as in (10) while ia2 will be . I L 5 -v/ood
where 5 is the angle of phase-A in Bus-\. Therefore, from (10) and (13) , it can be seen that there will be always a small differ ence between ial and ia2. The same difference will be reflected in ixa, ixh and ixe in the output of the DER. Hence, it is expected that there will be a slight difference between P g a compared to P g b and P g c• This difference is dependent on the distance be tween load and DER and transformer as well as the load de mand. APPENDlXB Table 1 . Technical data of the network parameters of Fig. 1 . 
